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PREFACE

This document includes the seven appendices to the report
Chesapeake Bay: A Framework for Action developed by the U.S.
Envirommental Protection Agency's Chesapeake Bay Program. The report
and its appendices describe the state of the Bay, pollutant sources
and loadings, and alternative management strategies for improving the
environmental quality of the Bay.
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SECTION 1

INTRODUCTION

Human intervention in aquatic systems must be regulated to protect the
environmental quality of waters. The extent to which such intervention is
controlled has traditionaly been determined by a combination of
technological and use-based controls. The framework discussed here permits
the continued use of technology-based controls; however, consideration of
use~based controls will be amplified because the need and availabile
information indicates that water quality, a surrogate for use designations,
is now useful and appropriate for Chesapeake Bay and tidal tributaries.

In the Bay system an effective approach is to emphasize specific
environmental quality goals for waters based on the uses desired of them.
For example, an oystering area should have different environmental quality
goals than a harbor. Quality criteria, where practical, should be related
to a range of enviromnmental goals, so that the addition of materials can be
tailored to comply with the best uses of the waters. The advantage of this
approach is that criteria can be defended for selected materials because
they support attaimment of specific uses.

Relationships between pollutant concentrations and biological effects
in estuaries are not well understood scientifically. Estuaries are complex
because of their congruent marine and fluvial influences. As better
definition occurs between ecological processes and patterns of observable
phenomena, it is anticipated that this proposed framework will provide the
basis for evolving what is now a static characterization of ecological
relationships into a dynamic framework. However, the present state-of-
the-art suggests that simple linear approximations of inherently non-linear
processes is a reasonable place to begin the process of data organization.
The calculus of an Environmental Quality Classification Scheme (EQCS) must
await further scientific understanding of the Bay as an ecosystem (U.S. EPA
1982a; also Appendix F, this document). For this reason, the EQCS is
likely to be greatly improved in the future as our scientific understanding
increases. Although imperfect, this tool provides guidance for management
decisions and suggests areas needing scientific study.

RATIONALE

Users of the environmental quality classification scheme may infer that
attainment of a criterion value will result in meeting its associated
objectives. However, attaining criterion values can never assure that
environmental objectives will be met because criterion values are analogous
to limiting factors. In the same sense that adding nutrients will not
stimulate phytoplankton growth if light is limiting, attaining water
quality criterion values will not promote development of a desired
biological resource if some other factor limits its well-being. Thus, the
proper interpretation of water quality criteria is that their attainment
will not guarantee that environmental objectives will be met; on the other

hand, water quality inferior to criterion values will not support the
environmental objectives.



When water quality criteria are developed in association with
environmental objectives, the criteria must be seen as a composite rather
than as a set of isolated variables. This concept represents a significant
advance over our previous notion of criteria as single isolated variables.
It is a holistic approach that accounts for the interaction of many factors
in supporting biological resources (i.e., an ecosystem perspective).

Criterion values are based on the attainment of a given use. Because
of the high salt content in the estuary, the water is seldom considered for
drinking purposes, except in the tidal-fresh zome. However, recreation and
various fisheries and their supporting food-webs rank high among the
traditional uses, especially for Chesapeake Bay and tidal waters. It is in
this context that the discussion of the development of a framework for an
envirommental quality classification scheme will be focussed.

The framework is probably most reliably applied to situations in which
the environmental objective is to maintain uses at their existing level or
to permit some degradation. These situations are better documented with
data. There is less certainty in applying water quality criteria to
improve uses because there are less data to describe such situations. It
is not known how much time is required for a system to recover once uses
have been lost, nor is it known when a system is so degraded that it is
technically impossible to restore certain uses to it. The classification
scheme is probably most reliable under normal climatic conditions. Effects
of extreme conditions and catastrophic events are not accounted for.

OBJECTIVE

In this appendix, a framework for a classification scheme for nitrogen
and phosphorus is developed, relying on the relative difference between
segments of the Bay to develop a continuum. Deep-water amoxia in the main
Bay is discussed and first order estimates of its importance, biological
consequences, and possible causes and controls are offered. For toxic
components in sediments, the contamination index developed in the
characterization report (Flemer et al. 1983) is used to rank segments
against pre-Colonial metal concentrations. In both the nutrient and
sedimentary toxic schemes, more emphasis is placed on nutrients as compared
to toxic substances because we have more information to relate nutrients to
biological efforts. An attempt is made to qualitatively relate fwmportant
ecological thresholds, but the schemes are not combined.
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SECTION 2

DEVELOPMENT OF A CLASSIFICTION SYSTEM FOR NUTRIENTS

To derive water quality ranks, several analytical approaches were
attempted. First, the Vollenweider function (Vollenweider 1968) for each
tidal-fresh segment, as well as for CB-1 and CB-2, was computed using
historic nutrient loadings (corrected for changing population, point
sources, land use, and fertilizer application rate) from 1950 to 1980.
Residence time for each segment was computed using plug flow, salt-water
fraction, and modified tidal-prism methods. The loads of total nitrogen
(TN), total phosphorus (TP), and the inorganic and organic fractions, were
regressed against observed concentrations of chlorophyll a, dissolved
oxygen (PQ), and nutrient concentrations in the respective segments. No
statistically significant relations were found and the method was
abandoned.

A second approach, involving retrospective analysis of water quality
and resources, was attempted. Water quality parameters were correlated
against estuarine resources such as submerged aquatic vegetation (SAV), the
juvenile fisheries index, and fish landings. When a statistically
significant correlation exists between water quality and resources, a
causal relationship may exist. These correlations are discussed in detail
in Flemer et al. 1983.

Figures 1 and 2 illustrate the kinds of relationships that can be
demonstrated between water quality parameters and resources from historical
field data (Figure 1) and from laboratory mesocosm data (Figure 2). The
problem with a classification scheme based on such relationships is that
both the water quality and the resource variables may co-vary with an
unknown and uncontrollable variable such as climate. Further, resources
may be affected by management practices; water quality may be affected by a
change in land use. It was concluded that correlative retrospective
analysis can provide only a first~order estimate of the relationship
between living resources and enviromnmental quality. The correlations which
were obtained could not be inverted; that is, the degree to which improving
water quality will restore resources cannot be quantified. Thus, the
possible causal relationship must be developed independently of simple
correlations before the simple approach can be used with confidence.

The third attempt to develop a classification scheme involved the use
of seasonal TN and TP concentrations in the water column as a relative
index of water quality. This scheme avoids explicit correlations between
water quality parameters and resources, yet permits qualitative comparisons
between them. Thus, a tidal-freshwater segment might be classified as
"Patuxent-like" or “Rappahannock-like" on the basis of nitrogen or
phosphorus concentrations. The approach assumes that major system features
(i.e., flushing time, sediment type, tidal-marsh development, etc.)
approximate each other between the tidal-freshwater Patuxent and
Rappahannock River segments.

Total nitrogen and total phosphorus concentrations have long been used
as indicators of envirommental quality in aquatic systems (Jaworski 1981).
The CBP attempted to evaluate estuarine water quality on the basis of N and
P concentrations and the N/P (atomic) ratio, as illustrated in Figure 3.

A-3
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The response of submerged aquatic vegetation in experimental ponds to
various loading rates of nitrogen and phosphorus (Kemp et al. 1982).
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Plots of this kind have two distinct advantages. First, specific
concentrations or concentration ranges of ecological significance can be
labeled on the concentration axis, permitting water quality managers to
visualize concentration (not load) reductions necessary to make a
Patuxent-like segment into a Rappahannock-like segment. Second, the N/P
ratio provides a first-order estimate of the nutrient that is potentially
limiting phytoplankton production. It is critical to recognize here that
the forms in which N and P present may be more important than the total
concentrations and that other factors, such as turbidity, may actually be
limiting phytoplankton growth. For a detailed discussion of the factors
affecting phytoplankton growth and productivity, see Smullen et al.
(1982). Phytoplankton, on the average, incorporate N and P in the ratio of
16:1 (by atoms), but that ratio can vary from 10:1 to 20:1 (the shaded area
on Figures 3a and b). When the data from specific segments are plotted on
such a diagram, the manager can see which nutrient is potentially limiting
(above the shaded zone, P is potentially limiting; below the shaded zone N
is potentially limiting). If the management objective is reduction of
phytoplankton growth by limiting nutrients, and nitrogen is presently
limiting production, then one can reduce the ambient N concentration from
the field marked A to the concentration field marked B (Figure 3b).
Suppose, however, that N cannot be controlled; then one can reduce P,
increasing the N/P ratio and forcing P to become limiting. Such a
hypothetical scheme is also illustrated in Figure 3b where the initial, and
i1f one supposes, the undesirable envelope of concentration is the field
marked A, and the desired (or at least acceptable) field is marked C. To
get from the situation in A to the situation in C without changing the
concentration of N, one must reduce the concentration of P. A critical
caveat must be mentioned; the static nature of N/P ratios fails to give
information on the flux of these nutrient forms among the various
environmental compartments (i.e., particulate living and non-living and
dissolved organic and inorganic materials.)

A real example of the hypothetical scenario outlined above involves the
Potomac River. By 1970, the tidal-fresh portion of the river received
11,000 kg day"l of P and 27,000 kg day"l of N from wastewater loading.
Advanced wastewater treatment processes, initiated in 1974, were designed
to remove P from the wastewater flow. By 1979, the wastewater load of
phosphorus to the tidal-fresh Potomac had been reduced to 2,400 kg
day“l. The summertime concentrations of phosphorus, plotted against the
N/P ratio for the tidal-fresh Potomac, are illustrated in Figure 4. The
plot shows how the N concentration and N/P ratio changed with institution
of the treatment practices. The plot also shows that, despite accumulation
of N and P in bottom sediments and their release to the water column, the
tidal-fresh Potomac responded rapidly (& 5 years) and positively to the
pollution control strategy. Figure 4 illustrates the decline in TP
concentration coincident with, and principally caused by, phosphorus
removal from sewage effluents. As phosphorus removal continued, the ratio
of N/P doubled.

The data points for all tidal-fresh segments of Chesapeake Bay
tributaries, and CB-1, WIr-5, and ET-1-4 are illustrated, for summertime
(June, July and August), in Figure 5. The York and Rappabannock plot in
the lower left portion of the graph form a distinct contrast to the Back
River plot. Clearly, estuarine water quality managers can see two
strategies for the Patuxent, for example. The Patuxent is potentially
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nitrogen limited during the warm season, and a reduction of nitrogen
concentration from about 2.6 mg L~l(the center of most of the "data

cloud”) to 0.6 or 0.7 mg L~L could make the tidal-fresh Patuxent become
Rappahannock-like. Alternatively, the ambient nitrogen concentration could
be maintained and phosphorus could be reduced from ambient concentrations
of 0.4 mg L=l to 0.15 mg L=l to achieve a water quality status like the
post-1974 Potomac in the summertime.

The N/P ratio does not consider historic (pre-1968) N or P
concentrations, relying instead on the "most desirable” defined as “most
desirable at present.” Because both the York and Rappahannock Rivers
receive nonpoint source loads from agricultural activities, there is reason
to believe that neither of them are pristine, or as low in nutrient loads
as they were in the past. The N/P ratio, though of utility to managers in
predicting concentration reductions, does not provide data on load
reductions necessary to achieve the desired concentration reductioms. The
N/P ratio also does not explicitly link resources to N or P, except in a
qualitative way.

Table 1 illustrates a summary of the TN, TP, N/P ratio, and potential
limiting nutrient for all segments of the Bay during the decade from 1970
to 1980 for each season (except winter, for which insufficient data are
available). Table 2 provides the frequency distribution data on the 734
paired nitrogen and phosphorus data points by season. Phosphorus is always
the principal potential limiting nutrient while nitrogen is potentially
limiting less than 10 percent of the time during any season. Almost all of
the cases of potential nitrogen limitation occur in the Patuxent, Potomac,
James, Rappahannock, and York Rivers. 1In the first three rivers, both TN
and TP are high; in the latter two cases, both TN and TP are in low
concentrations.
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TABLE 1. MAXIMUM AND MINIMUM SEASONAIL NITROGEN (TN) AND PHOSPHORUS (TP) CONCENTRATIONS_ IN
CHESAPEAKE BAY SEGMENTS DURING THE PERIOD 19/0-19g(. CONCENTRATIONS IN mg L-l,

N/P BY ATOMS

Spring(March,April,May) Summer (June,July,Aug.) Autumn(Sept.,0ct.,Nov.)
Segment TP TN  N/P Limitl TP TN NP Limitl TP TN NP Limitl
CBl max. .20 2.17 66. P(10) .14 1.89 59 P(9) T .23 1.61 80 P(8)
min. .05 1.16 25 .04 .87 17 2(1) 04 1.02 13 ?2(1)
CB2 max. .22 2.08 84 P(10) 16 1.34 59 P(10) .19 2.00 92 P(8)
min. .04 1.12 22 .03 J4 19 ?2(1) 04 .99 11 2(1)
CB3 max. .36 2.16 69 P(10) .18 1.47 53 P(8) .10 1.82 77 P(1)
min. .05 1.06 12 ?2(1) .04 45 12 ?2(3) .02 72 23
CB4 max. .15 1.49 77  P(10) .16 97 44 P(7) 17 .93 34 P(9)
min. .03 .87 22 .04 38 12 2(3) .04 44 6 N(1)
CB5 max. .15 1.38 278  P(8) .15 1.03 73 P(6) .10 .81 37 P(6)
min. .01 .70 21 .02 .34 12 2(2) .03 .45 15 2(2)
CB6,7,8 - —— e Insufficient data———-——— e e e r———————

Eastern Bay

EEl1 max. .12 .81 32 P(2) .08 06 27 P(2) .10 J4 24 P( )
min. .05 .53 14 2(2) .05 .36 14 ?2(3) .05 .53 15 ?2()
Choptank
EE2 max. .19 .65 22 P(1) .09 .88 34 P(3) .06 43 22 P(1)
7(1)
min. .04 .35 7 N(1) .04 58 17 ?2(1) .04 .38 14 ?2(1)

(continued)
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TABLE 1. (Continued)
Spring(March,April,May) Summer (June,July ,Aug.) Autumn(Sept.,0ct.,Nov.)
Segment TP TN N/P  Limitl TP TN N/P Limitel TP TN  N/P  Limitl
Pocomoke Sound
EE3 max. .06 .89 34 P(4) .10 1.06 38 P(5) 08  1.12 42 P(3)
min., .05 .75 29 .04 .64 20 .05 47 15 2(2)
NE River
ETl max. .11 1.42 63 P(7) .17 1.43 44 P(7) .26 1.21 70 P(5)
min. .05 1.13 28 .04 45 15 2(1) .03 L4111 7(2)
Elk River
ET2 max. .60 2.62 6l P(7) .16 1.69 38 P(8) A1 2.72 97 P(7)
min. .06 1.43 14 ?2(1) .06 95 21 .05 94 41
Sassafras
ET3 max. 1.4 1.98 81  P(7) 11 1.49 38 P(5) .16 1.31 34 P(5)
min. 04 .87 3  N(L) .06 .58 17 ?7(2) .05 .55 19 2(1)
Chester
ET4 max. 64 2.67 38 P(3) .20 1.84 47 P(4) .30 1.50 29 P(2)
2(1) ?27(1) 2(4)
min. 07 1.25 9  N(1) .05 .54 10 N(1) .06 +50 8 N(1)
ET5 max. 41 2.32 59  P(6) .16 2.92 78 P(7) 41 2.05 110 P(6)
min. .06 1.30 13 2(1) .07 .79 17 27(L) .04 .85 8 N(1)
ET6 max. .70 2.19 91  P(6) 14 1.6l 46 P(5) 14 2,01 59 P(5)
min. .04 1.53 7 N(1) .04 43 17 2(1) .04 .98 21
ET7 mnax. .21 3.07 99  P(6) 40 2.64 44 P(4) .38 1.81 51 P(4)
min. .07 1.91 29 .08 .68 15 2(2) .07 1.10 9 N@
(Continued)
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TABLE 1. (Continued)
Spring(March,April,May) Summer (June,July,Aug.) Autumn(Sept.,Oct.,Nov.)
Segment TP TN N/P  Limit! TP TN N/P Limitl TP IN  N/P  Limitl
ET8 max. .05 1.10 50 P(2) .08 67 35 P(2) No data
min. .04 44 25 .03 46 18 ?2(1)
ET9 max. No data .05 .73 33  P(2) No data
min. .03 34 22
ET10 max. 21 2.00 53 P(5) .54 1.77 36  P(3) A5 1.57 44 P(2)
7(3)
min. .08 .89 20 .08 b 7 N(1) .05 .66 14 2(3)
WTl max. .08 2.34 107 P(2) 22 2.98 71 P(3) 05  3.32 190 P(3)
min. .05 1.58 42 .05 1.20 31 .04 2.03 86
WT2 max. 07 1.77 90 P(4) 18  2.20 125 P(7) .07 1.91 82 P(6)
min. .03 1.15 50 .04 1.01 26 .04 .89 29
WT3 max. 06 1.47 72 P(4) .07 .80 30 P(2) .07 82 47 P(1)
min. .03 47 36 .06 .28 11 ?2(3) .04 35 15 2(3)
W4 max. 45 6.32 220 P(4) 31 5.32 58 P(4) 39 7.28 66 P(3)
- min. .04 3.89 25 .21 2.25 16 ?2(1) 15 1.76 12 2(2)
WIS max. 21 2.49 83  P(9) 21 2.24 68  P(7) .15 1.93 77  P(7)
min. .06 1.50 27 .07 1,97 18 ?2(2) .06 67 20 2(1)
WI6 max. .10 1.31 150 P(4) 12 1.12 35 P(2) .12 1.35 42 P(3)
min. .02 .87 20 .03 45 0 12 2(2) 04 35 13 ?2(2)

(Continued)
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TABLE 1.

(Continued)

Spring(March,April,May)

Summer (June,July,Aug.)

Autumn(Sept.,Oct.,Nov.)

Segment TP TN N/P  Limitl TP TN N/P Limitl T TN N/P  Limitl
WT7 max. 12 1.17 62  P(5) .10 1.46 114  P(5) A3 2,14 75 P(2)
2(3)
min. .03 .26 12 2(1) 02 45 15 (1) .06 46 9 N(2)
WI8 max. .08 1.62 62  P(5) 22 1.40 50 P(2) d6 1.16 22 p(2)
?2(4) 7(2)
min. .04 .75 29 .06 34 6 N(2) .08 .45 9 N(2)
TFl max, 1.98 2.56 23 pPQ1) 2.02 4.19 29 p(l) 1.22 4.14 16 ?2(6)
2(6) 2(6)
min. 16 1.49 2 N(L) 22 1.37 1 N1 41 1.71 3 N(2)
TF2 max. .26 2.07 40 P(7) .35 2.48 39 p(7) A6 2,87 45 P(8)
min. .08 1.42 17 2(4) 11 1.02 15 2(4) .10 1.17 14 2(2)
¥
=
. TF3 max. No data No data 12 1.11 22  P(L)
min. .09 .68 15 ?2(3)
TF4 max. .15 .82 38 P(1) .22 1.01 28 P(1) .13 .76 17  2(6)
?7(1) 7(4)
min, .05 W24 5 N(3) . .07 .57 8 N(3) .07 A4 11
TF5 max. 18 1.62 37 P(3) .20 1.96 31 P(4) 37 2.30 39 P(4)
7(4) 2(3) 2(5)
min. .10 74 8 N(2) .10 .84 10 .10 .51 8 N(1)
RET1 max. 14 1.36 21 P(1) .18 .99 15 ?2(1) .16 J7 0 12 (D)
min, .13 .68 11 2(D) A1 .25 5 N(2) .15 .51 7 N(L)
(Continued)
- gl .
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TABLE 1. (Continued)
Spring(March,April May) Summer (June,July,Aug.) Autumn( Sept.,0ct.,Nov.)
Segment TP TN N/P  Limitl TP TN  N/P Limitl T TN  N/P  Limitl
RET2 max. «25  2.20 42 P(9) 23 2.52 44 P(4) 24 1.72 44 P(5)
2(6) ‘
min. .09 1.02 13 2(2) .08 .63 9 N(1) .09 65 12 ?2(3)
RET3 max. .19 1.13 15 2(4) .16 1.45 33 P(1) .13 80 16 ?7(4)
min. A1 .73 13 .10 .54 11 ?(3) .08 .53 14
RET4 max. .16 .67 19 ?(2) .13 .57 13 ?2(2) .15 76 18 2(4)
min. .07 .29 7 N(4) 10 .53 9 N(1) .09 .36 9 N(1)
RET5 max. A1 1.67 51 P(3) .15 1.20 34 P(4) .20 1.30 30 P(2)
?(3)
min. .07 J2 14 ?2(D) .08 .87 - 15 ?(2) .10 .40 9 N(2)
LEl max. .18 1.36 25 P(1) .27 .97 22 P(1) .13 59 14 ?2(1)
7(2) ?7(1)
nin. .07 43 9 N(1) .06 24 3 N(3) .09 .43 7 N(L)
LE2 max. .10 1.18 45 P(5) A1 1.30 47 P(3) .11 .86 28 P(2)
2(5) 7(2)
min. .05 49 18 ?(2) .06 29 7 N(1) .05 .32 9 N(1)
LE3 max. 13 1.42 65 P(2) No data .30 87 32 P(2)
?2(2)
min. .05 46 11 7(2) .04 48 6 N(1)

(Continued)
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TABLE 1. (Continued)
Spring(March,April,May) Summer (June ,July,Aug.) Autumn( Sept.,0ct.,Nov.)
Segment TP TN Limit! T TN N/P Limitl TP TN  N/P Limitl
LE4 max. No data .09 .51 13 ?2(2) .09 77 24 P(1)
2(2)
min. .06 36 12 .07 27 8 N(1)
LE5 max. .12 1.09 P(3) 11 1.06 24 P(3) 15 1.17 27 P(4)
7(3) 7(3)
min. .10 .61 2(3) .08 .17 4 N(1) .08 .39 9 N(1)
1 “Limit" determines potential phytoplankton limiting nutrient defined as follows:
(a) If N/P (atoms) < 10, then N is limiting [symbol is "N", (#) is frequency].
(b) If 10<< N/P=S 20, then limiting nutrient is indeterminate [symbol is ?, (#)
is frequency]. '
(c) 1If N/P ==20, then P is limiting [symbol is "P", (#) is frequency]. See
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TABLE 2. FREQUENCY OF OCCURRENCE OF NITRCGEN OR PHOSPHOKUS AS A POTENTIALLY

LIMITING NUTRIENT FOR PHYTOPLANKTON. ALL DATA IN CBP DATA BASE FOK
1970 TO 1980

Season Spring Sunmer Autumn
Nutrient (Mar., April, May) (June, July, Aug.) (Sept., Oct., Nov.) TOTALS

TNL 15 ( 6%) 17 ( 7%) 20 ( 8%) 52 ( 7%)

22 42 (18%) 83 (32%) 81 (34%) 206 (28%)

TP 3 179 (76%) 158 (61%) 139 (58%) 476 (65%)
TOTALS 236 258 240 734

lNitrogen is defined as potentially limiting when N/P (by atoms) is less than
or equal to 10.

2The potentially limiting nutrient is indeterminate when N/P (by atoms) falls
in the range of less than or equal to 20 and greater than 10.

3PhOSphorus is defined as potentially limiting when N/P (by atoms) is greater
than 20.
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SECTION 3

INSIGHTS GAINED FROM THE LITERATURE

NUTRIENTS AND PHYTOPLANKTONIC STANDING CROPS

Ketchum (1969) analyzed a large body of data and concluded that
phosphorus enrichment in estuaries should be considered at a danger level
when concentrations approach 2.55 ug of L1 (0.079 mg L‘l) in winter
and 1.7 ug of L1 (0.053 mg L-1) in summer. Carpenter et al. (1909)
found that when Potomac River concentrations of nitrate reached 100 to 150
ug atoms per liter (1.4 to 2.1 mg L-1) and phosphorus levels reached 5 ug
atoms per liter (0.155 mg L-1) (high flow) or when nitrate reached 50 to
70 ug atoms per liter (0.90 to 0.98 mg L—1) and phosphate reached 3 to 5
ug atoms per liter (0.093 to 0.155 mg L‘l) (low flow), high
concentrations of chlorophyll were produced by Microcytis aeruginosa which
floats to form highly visual discolorations and collects on the shoreline
in unattractive mats. The conditions were also accompanied by a more
pronounced decrease in dissolved oxygen (%1 ml L‘l) at depth in the
Potomac River than occurred at depth in the upper Chesapeake.

Jaworski et al. (1972), reviewing historical data for the upper Potomac
estuary, indicated that if the concentrations of inorganic phosphorus and
inorganic nitrogen were at or above 0.1 and 0.5 mg L‘l; respectively,
algal blooms of approximately 50 ug Ll or more were considered
indicative of excessive algal growths. Studies of the James River estuary,
a sister estuary to the Potomac, by Brehmer (1967), indicate that nitrogen
appears to be the rate-limiting nutrient.

Based upon several analyses, including bioassays and algal modeling,
Jaworski et al. (1972) developed the following criteria for reversing
eutrophication in the freshwater portion of the tidal Potomac River:

Inorganic nitrogen 0.30 to 0.5 mg -1
Total phosphorus 0.03 to 0.1 mg L-1

These authors indicate that:

The lower values in these ranges are to be applied to the freshwater
portion of the middle reach and to the embayment portions of the
estuary in which the environmental conditioms are more favorable for
algal growth. The upper ranges of the criteria are more applicable to
the upper reach of the Potomac estuary, which has a light-limited
eutrophic zone of usually less than 0.6 m in depth.

Studies of the mesohaline portion of the Potomac estuary showed a
relatively sharp transition from freshwater to a typical mesohaline
environment. At the upper end of the 35 km transition zone at Maryland
Point there are primarily freshwater phytoplankton and zooplankton
populations. Above Maryland Point, the salinities are less than two
percent. Predominantly marine forms dominate the lower end of the
transition zone at the Route 301 Bridge, with salinities in summer
approximating 12 ppt. Based on five years of field studies, it appears
that the growth of massive blue-green algal mats are apparently
restricted to the freshwater portions. In the mesohaline environment,
dinoflagellates were often encountered in "red tide" proportions.
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These observations lead to two points of emphasis in estuarine
water quality management: 1) fairly discrete biotic provinces may be
identified within a given reach of the estuary, responding differently
to a given stress; and 2) there is insufficient evidence to date to
generalize on nutrient parameters and hypertrophic conditions in all
portions of a given estuary. Therefore, at the present time no
specific nutrient criteria have been established for the mesohaline
portion of the Potomac estuary.

Figure 6 shows important historical changes in nutrient enrichment
trends and ecological changes for the upper tidal Potomac from 1913 to 1970
(Jaworski et al. 1972). The nutrient concentrations in the upper estuary
under summer conditions before 1920 were estimated to be from 0.04 to 0.07
ng L1l of phosphorus with inorganic nitrogen ranging from 0.15 to 0.30 mg
L7l. With a reversion to these concentrations, not only should there be
a significant reduction in the blue-green algal population but there should
also be a general reversal in the ecological succession of the community.

The Patuxent River estuary showed large increases in the levels of
nitrate-nitrogen and dissolved inorganic phosphate-phosphorus between 1963
to 1964 and 1968 to 1970 (Flemer et al. 1970, Herman et al. 1967). Table 3
compares the available data on nitrogen, phosphorus, and chlorophyll a for
these two study periods. Salinities were approximately similar between
years at stations used in the comparison. Thus, physical dispersion is
assumed to be roughly similar for each study. Nitrate-nitrogen increased
significantly over the six-year period at the upper and lower river
stations, respectively. The greatest relative increases occurred in the
higher saline waters. A smaller increase was noted in phosphate between
the two periods. Chlorophyll a levels approximated each other over the two
study periods at Lower Marlboro but a significant increase occurred at
Queentree Landing from 1963 to 1964 and 1968 to 1970. If it is assumed
that the 1968 to 1970 chlorophyll a normalized to uncorrected values would
increase by 30 percent, than the increase in chlorophyll a is more striking.

The data on the Patuxent River estuary are intended to show that the
system responded rapidly to nutrient enrichment. Later studies (Heinle et
al. 1980) have shown even higher levels of nutrients and chlorophyll a.
The highest nitrate levels occurred during the winter and approximateiy a
four-fold increase between 1963 to 1964 and 1968 to 1970 in nitrate at
comparable salinities (a measure of dilution) was indicative of a six- to
seven-fold increase in chlorophyll a (uncorrected values in 1968 to 1970
estimated to be 30 percent higher than corrected reported values).

During the summer of 1970 in the Patuxent, when the total dissolved
nitrogen (NH3, NOp, NO3, and dissolved organic nitrogen) averaged
0.71 mg L7t (N = 4) at Lower Marlboro (salinity approximated 1.4 ppt),
the estimated uncorrected chlorophyll g_averaged 43 ug -1 (N = 4). At
the Queentree Landing station, the salinity for the summer of 1970 averaged
10 ppt and the total dissolved nitrogen aund chlorophyll a averaged (N = &)
0.26 mg Ll and 52 ug L‘l, respectively. These data show that
different salinity regimes in the Patuxent correlate differently with the
concentration of nitrogen. The higher saline reach of the Patuxent
exhibited a higher level of chlorophyll a per unit concentration of
nitrogen than the low saline (upper) reach.
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TABLE 3. ANNUAL RANGE IN CONCENTRATION OF SEVERAL PHOSPHORUS AND NITROGEN FRACTIONS FROM SURFACE
WATERS OF SELECTED AREAS IN THE PATUXENT RIVER FOR THE PERIODS FROM 1963 TO 1964 AND 1963 TO
1968. ALL VALUES ARE EXPRESSED AS mg L~! (TABLE ADAPTED FROM FLEMER ET AL. 1970)

Salinity References
ppt NO3-N NH3-N DIP TP chlorophyll al
Patuxent River o
Lower Marlboro 0.1- 5.5 0.003-0.71 0.011-0.62 0.003-0.11 0.12-0.49 2.8-43.7 Flemer et al.
Queentree 8.4-15,6 0.0-0.17 0.02-0.25 0.003-0.11 0.02-0.38 3.0-59.8 1970
Patuxent River
Lower Marlboro 0.1-7.6 trace~0.19 0.006-0.03 3.0-45.0 Mihursky,
et al. 1967
Queentree 7.8-16.5 trace-0.,004 0.003-0.04 1.0-10.0

£

1Chlorophyll a values corrected for degradation products in 1968 to 1970 but no correction applied to
1963 to 1964 data,




The total dissolved inorganic nitrogen (DIN) in the Patuxent during the
summer of 1970 averaged 0.36 mg L™l at Lower Marlboro and the uncorrected
chlorophyll a level averaged about 43 mg L=Ll., At Queentree for the same

peiiod, the DIN averaged 0.05 mg L~1 and chlorophyll a averaged 5Z ug
L™+,

The Patuxent River data and other studies discussed suggest that when
the total nitrogen approaches 1.0 mg Ll in tidal-fresh to brackish
water, then the chlorophyll a levels are likely to reach 50 ug L‘l, a
level of concern or, at 1eaé€, a "danger™ signal concerning aesthetics and
probable low levels of dissolved oxygen. The latter point requires more
information for a calibration to various envirommental conditions. During
the summer, much of the nitrogen is incorporated into chlorophyll a related
organic material. The "danger" level of phosphate-phosphorus in
tidal-freshwater is probably mnear 0.10 to 0.15 mg L-l. The "level of
danger" of this nutrient form at higher salinities is less certain.
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SECTION 4

SUBMERGED AQUATIC VEGETATION AND NUTRIENTS

Submerged aquatic vegetation (SAV) has declined markedly in Chesapeake
Bay during the past 10 to 15 years (Flemer et al. 1983; Orth and Moore
1982). Factors related to the decline are discussed in the CBP
characterization report, Chapter 3, and in Kemp et al. (1982). Submerged
grasses in Chesapeake Bay generally are limited in their growth by the
availability of light (Wetzel et al. 1982). Thus, factors that affect the
amount of light that can penetrate the water column will affect the
well-being of submerged grasses. Two such factors are nutrients and
turbidity.

NUTRIENTS

High nutrient concentrations can hinder SAV growth through the
production of phytoplankton biomass. 1In addition, nutrients may encourage
the growth of epiphytes on grass leaf surfaces, decreasing light
availability (Twilley et al. 1982). Studies of experimental microcosms
(Twilley et al. 1982) indicate that nitrogen loads resulting in
concentrations of 0.7 mg L1 initiate excessive epiphyte biomass,
phytoplankton growth, and stress of S$SAV. Phosphorus loads resulting in
concentrations of 0.15 mg L=l are also stressful. Effects of nitrogen
and phosphorus loads on SAV biomass were shown in Figure 2. Boyntonl
suggests that nutrient concentrations may be deceptive in assessing effects
on SAV because epiphytes take up so much of the nutrients. He feels that
nutrient loads should be considered as well. From Figure 2 it can be seen
that nitrogen loads of 30 to 60 u mol per week and phosphorus loads of 2.6
to 6 u mol per week are sufficient to reduce SAV biomass.

These results are-further substantiated by a significant correlation
between the percentage of sites vegetated and the total nitrogen
concentration in Maryland (Figure 1). The percentage of sites vegetated
declined abruptly when total nitrogen concentrations exceeded 0.8 mg
L.~l. There was no correlation between phosphorus and SAV, probably
because phosphorus concentrations in most segments are below critical
levels. Rank correlation of expected habitat and total nitrogen for the
entire Bay (Flemer et al. 1983) was also significant. The value of 0.60 mg
L1 total nitrogen is suggested by these results as the highest
concentration that could be expected to support abundant SAV.

lpersonal Communication: "Effect of Nutrient Concentrations om SAV,
W. Boynton, University of Maryland, CBL, 1983.
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SECTION 5

NUTRIENTS, DISSOLVED OXYGEN, AND FISHERIES

NUTRIENTS

Excess nutrients may result in excessive production of organic
material. This material must ultimately be oxidized, possibly resulting in
depletion of oxygen. Oxygen depletion is most serious in the summer
because increased temperatures cause increased oxygen utilization and
decreased oxygen solubility. Bottom waters are most sensitive to oxygen
depletion because the pycnocline prevents rapid reaeration. The extent of
salinity stratification, a function primarily of freshwater flow, will
determine the extent to which bottom waters can be reaerated from surface

waters.

Deeper waters, like the main channel of Chesapeake Bay, are most
sensitive to oxygen loss. This area has historically been subject to low
dissolved oxygen levels in summer, but the spatial and temporal extent of
low dissolved oxygen have increased in concert with increased nutrients
Flemer et al. 1983). 1In addition, anoxic waters (zero dissolved oxygen)
now occur regularly in summer, a rare phenomenon in the 1950's and early
1960's (Figure 7). Changes in dissolved oxygen profiles can be expected to
affect Bay resources, particularly benthic species such as oysters.

DISSOLVED OXYGEN

Many factors other than nutrients affect dissolved oxygen profiles. To
understand these factors, the main channel of Chesapeake Bay was studied in
detail, as described in Flemer et al. 1983. This area has a good
historical record back to 1949 through data collected by the Chesapeake Bay
Institute of The Johns Hopkins University.

Data from two stations in CB~4 for 11 years between 1949 and 1980 were
analyzed. Results indicated that, in July, the difference between dissolved
oxygen concentrations above the pycnocline and those below the pycnocline
(A DO) were related to the extent of salinity stratification (f\S) (Figure 8).
Thus, the greater the stratification is, the greater will be the difference
between dissolved oxygen concentrations above and below the pycnocline. This
relationship is independent of dissolved oxygen councentrations, and depends
only slightly on differences in oxygen solubility (Figure 8). It can be
concluded that stratification and the concentration of DO above the pycnocline
are the major factors controlling DO concentrations below the pycnocline in

this area of CB-4.

With this relationship it is possible to calculate the concentration of
dissolved oxygen above the pycnocline that is needed to sustain a desired
bottom concentration. For example, if S is 0.50, then the DO level will
be -0.50 (Figure 9). If the pycnocline extends to 8 meters, then

DO upper ~ DO lower = —0.49

8
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If the desired concentration below the pycnocline is 0.5 ml L“l, then the
concentration above the pycnocline must be at least 4.5 ml L-1,

RELATIONSHIP TO NUTRIENTS

Officer et al. (1983) have developed a model of the mid-Chesapeake
anoxia phenomena showing that a nominal benthic respiration rate of 2.0
07 m—2 day“l is adequate to drive the dissolved oxygen level to zero
below the pycnocline. They concluded that the principal factor causing the
anoxic conditions appears to be historic increases in yearly phytoplankton
production which, in turn, are related to the increase in anthropogenic
nutrient inputs to be upper Bay. Significant changes in nutrient loads to
the Bay are not seen; however, increases in nutrient concentrations in the
water column and increases in the volume of anoxic water are apparent.

The process of nutrient recycling tends to amplify changes in the
nutrient load from external sources; that is, nutrients, once entering the
Bay, may be used several times before they leave the Bay. The CBP has
estimated the range of recycling that must occur in the Bay to support
observed levels of primary production. For the reach of the main Bay from
CB~1 to CB~5, the nutrient recycling rate varies with season (illustrated
in Table 4). Assuming that N and P are remineralized on the order of 3 to
5 times during the summer, we can now estimate the nutrient load reduction

necessary to achieve specified dissolved oxygen concentrations in deep Bay
waters.

The volume of low DO waters is 5 x 109m3. To raise that volume
from 0 to 2.8 mg L-1 (2.0 ml L1y, (2;8g)(5 x 109m3) is needed to
equal 14 x 103 tons 0p. For the northern Bay (CB 1-5), every unit
addition of P from external sources will yield 4 units of P-based
production during summer, producing 4 x 106 units of carbon with a
potential oxygen demand of 2.5 x carbon (= 1000 units 0) or 500 units
O7. To reduce the oxygen demand by 14 x 103 tons, P should be reduced
by 14 x 103 divided by 500 to equal 30 toms P. Similarly, for nitrogen,
the load to the Bay needs to be reduced by 14 x 103 tons divided by 60 to
equal 400 tons. It is probaby much more realistic to assume that only a
fraction of the carbon produced actually is totally oxidized (say 50
percent), and that only a fraction (say 50 percent) of each nutrient is
utilized. 1In that case, 120 tons P and/or 1,600 tons N reduction would be
required to produce one aeration volume (from O to 2.0 ml L-1). The
computed reductions in nutrient loads are only 3 percent of the annual N
load and 11 percent of the annual P load from the Susquehanna River to the
Bay.

The point of the above exercise is to demonstrate that the DC content
of deep waters of the Bay is very sensitive to changes in external nutrient
supply. These small changes in external load cannot be detected by
existing monitoring programs. Further, these small nutrient additions need
not come from the Susquehanna River; they are such a small proportion that
they could be advected from further down Bay or from adjacent tributaries.
Finally, the CBP has no feeling for the importance of the timing of the
nutrient additions. It cannot be said that a load reduction of 120 tons of
P over the year is adequate or if all of the reduction must come, for
example, from the spring load. It can be concluded, however, that to
improve the deep water dissolved oxygen levels, nutrient inputs to the main
Bay must be reduced.
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RELATIONSHIP TO FISHERIES

Nutrient-related food web shifts can affect the well-being of fish
species (Ryther 1954). Nutrient enrichment can also affect fish through
changes in dissolved oxygen profiles. Growth of oyster larvae ceases when
dissolved oxygen concentrations reach 1.7 ml L-1; adults can survive up
to five days at concentrations of 0.7 ml L1 or less, but undergo
stressful anaerobic metabolism (Galtsoff 1964). Sublethal oxygen stress
can make oysters more susceptible to diseases.

As the volume of water containing low dissolved oxygen increases, the
depth at which oysters can survive becomes shallower. This results in loss
of potential oyster habitat. For example, if the depth of low dissolved
oxygen changed from 10 meters to 9 meters depth, approximately 221 million
square meters of potential oyster habitat would be lost from segment CB-4.
As indicated in Table 5, the area of Chesapeake Bay bottom covered by low
dissolved oxygen has increased since 1950; as a result there have been
significant losses of potemntial oyster habitat. :

TABLE 4. ESTIMATE OF NUTRIENT RECYCLING FOR CHESAPEAKE BAY -- (CB 1-5).
ALL VALUES IN 106 LES. DATA FROM SMULLEN ET AL. 1982

Minimum Recyclingl

Spring Summer Fall Winter

N P N P N P N P
Required to 110 15 250 34 140 19 55 8
Support Production
Entering Bay 108 7.4 59 12 55 4,5 78 6
In Bay 18 0.5 23 5 21 0.5 18 0.
Recycled 2 0 7.5 168 22 64 14 -41 1.
% Recycled 3 0 50
Maximum Recycling4
Required to 110 15 250 34 140 19 ‘ 55 8
Support Production
Entering Bay 49.5 2.3 18 0.8 21 0.8 36 1.¢
In Bay 18 0.5 23 5 21 0.5 18 0.!
Recycled 2 42.5 12.2 209 28.2 98 17.7 1 5.¢
% Recycled 38 80 83 82 70 93 1 73

lpssumes that all tributary nutrient loads from all sources reach the Bay.
2Required to Support Productivity (Entering + in Bay) = Recycled
3% Recycled = Recycled divided by required x 100

4pssumes that all tributary nutrient loads remain in tributaries and that
the only Bay source is the Susquehanna River.
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TABLE 5. AREA OF CHESAPEAKE BAY BOTTOM AFFECTED BY 1LOW DISSOLVED OXGYEN
(DO) WATERS IN SUMMER; % = PERCENT OF BAY SEGMENTS CB 3, 4,

AND 5 IMPACTED

DO Level July 1950 July 1969 July 1980

ml -1 m2x106 % m2x106 % m2x100 %

0.5 62.3 2.1 344.0 11.3 603 19.9

1.0 228.0 7.5 535.0 17.6 789 26.0

2.0 824.0 27.2 629.0 20.7 1196 39.4

3.0 1191.0 39.3 889.0 29.3 1417 46.7

4.0 1545.0 50.9 1455.0 48.0 2022 66.7
Dissolved oxygen is also important to the survival of finfish. Five

ml L1 dissolved oxygen in surface waters is generally considered to be

the minimum requirement for most sensitive species. This value is

consistent with maintenance of 0.5 ml L-1 at the bottom, as previously
discussed. Lower oxygen concentrations may stress American shad, whose

LC50 is 3.6 ml L-1 (Kaumeyer and Setzler-Hamilton 1982). To maintain a
minimally diverse estuarine fishery, at least 2 to 3 ml L~1 should be

maintained (Thornton 1975).
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SECTION 6
METHODOLOGY FOR DEVELOPING DEGREE OF METAL CONTAMINATION

INTRODUCTION

Toxic substances may be naturally occurring materials, like lead,
copper, or crude oil, which have been added to the estuary in harmful
amounts by human activities. They may also include artificial materials,
like Kepone, which are synthetically produced. These organic and inorganic
materials may occur in bewildering varieties and forms in the Bay.
Considerably less information is available about the relationship between
specific toxic substances and their effects on Bay plants and animals, than
is known about the nutrients nitrogen and phosphorus.

To assess trends for the occurrence of metals in Chesapeake Bay, one
can use sediment cores which document changes over time. A sediment core,
analyzed for trace metals and with an established geochromology, can be
used to estimate trace metal inputs, assumming no diagenetic migration of
metals through the length of the core. Such an analysis must be conducted
carefully, for the burrowing activities of benthic organisms in oxic
enviromments can disturb the sedimentary record, create an "artificial”
210pp distribution, and influence trace metal patterns.

Several techniques have been devised to estimate the degree of
contamination of sediments by metals. Turekian and Wedepohl (1961)
developed data on the average concentration of trace metals in various
sedimentary rocks. Often contamination in modern sediments is identified
by the ratio of metal in the sample to metal in an average shale (or
sandstone); this ratio is termed the Wedephol ratio. The problem with this
technique is that there is no compelling evidence that natural James River
sediments, for example, should have the same concentration of a particular
metal as the average of all of the earth's shales. Other investigators
have chosen to normalize trace metal concentrations to some metal present
in sediments in such high concentrations that it is unlikely that
anthropogenic sources could influence it to a significant degree.

The metal frequently chosen to ratio against is iron. Unfortunately,
iron is relatively mobile after burial, and significant quantities can
migrate through sediment pore waters. Still other investigators suggest
normalizing the metal content of sediment samples to the grain size of the
sediment. There is usually a strong inverse correlation between sediment
size and metal content. Grain size, though, is only a rough indicator of
particle surface area, sediment organic content, and sediment mineralogy,
any or all of which are the probable cause of high metal concentration in
fine sediments.

Chesapeake Bay Program scientists have applied a different approach to
the estimation of the degree of metal contamination in Chesapeake Bay
sediments. By using pre—colonial Chesapeake sediments, the use of
potentially mobile metals like iron has been avoided; by measuring silicon
and aluminum, sediment grain size and mineralogy have been accounted for
simultaneously (sands are mostly quartz, and silts, [as size terms], and
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clays may be either quartz or clay minerals). A detailed discussion of the
rationale and assumptions used in developing the Contamination Index is
found in Flemer et al. 1983.

CONTAMINATION INDEX

The Contamination Index (C;) for surface sediments by metals can be
developed by combining data on the anthropogenic concentration of
individual contaminants and summing these contaminant factors (Cg)s The
Cf value for each metal is computed and all of the Cy values for a
given sediment sample are summed to produce the index of contamination,

CI:

n n Co __Cp
CI=£ Cg = E‘ —_——
n=1 n=1 Cp

This method of characterizing estuarine sediments gives equal weight to all
metals, regardless of absolute abundance, and has no inherent ecological
significance. When this index is combined with bio-toxicity data, its
biological importance can be assessed. Where individual metal C;'s exceed
1.0, they contain specific metal concentrations that exceed natural
Chesapeake sediments by 100 percent. These Cf's are based on the

correlation of Si/Al and metal content. They should be interpreted as
departures from the natural, deep metal concentration. The correlation of
metals with Si/Al ratios should not be interpreted as causation. Controlling
parameters for metal concentrations may well be redox, pH, organic, or sulfur
species present.

A computer search was conducted for all available surface sediment metals
data in the Chesapeake and its tributaries. Values could be developed to
calculate contamination factors for each metal. The sum of these individual
contamination factors, that is, the degree of contamination, is plotted in
Figure 9. This illustration represents our best estimate, using all
available data, of the potential metal contamination, from anthropogenic
sources, of the surface sediments of the Bay and its tributaries. ©No data
exist near to shore, and large local increases should be expected close to
outfalls. These variations have not been indicated on Figure 9.

The Toxicity Index closely relates to the Contamination Index and is
defined as:

i=6 M3
Ty = E‘ . Cfy
i=1 Mi
where M; = the "acute" anytime EPA criterion for any of the metals,
but M; is always the criterion value for the most toxic of the six
metals.

The "acute" anytime EPA criterion is the concentration of a material
that may not be exceeded in a given environmment at any time. This value
may be different for different environments. The criterion values are
calculated by standardized procedures using data from in-house EPA studies
and from published scientific literature (U.S. EPA 1982b). The details of
the method are explained in Appendix D of Flemer et al. 1983.
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The Toxicity Index was calculated for every station where the
Contamination Index was calculated. Each station was given an average
salinity value based upon its geographical location and available salinity
data (Stroup and Lynn 1963). Because the toxicity of metals is often
greater in freshwater than in salt water, each station was characterized by
its minimum salinity. Bottom salinities were used in every case.
Freshwater stations were those with salinities less than 0.5 ppt, and these
were assigned criterion values for freshwater at 50 ppm hardness. Brackish
stations were those with salinities between 0.5 and 5.0 ppm, and these were
assigned criterion values for freshwater with a hardness of 200 ppm.

Stations with salinities greater than 5.0 ppt were assigned criterion
values for salt water.

A contour map of Toxicity Indices using logarithmic intervals again
shows a high level of contamination in Baltimore Harbor, but with the
apparently associated high indices in the adjacent main Bay, restricted
largely to the axis of the Bay (Figure 10). Additiomally, the sediments in
much of the lower James River are relatively uncontaminated by toxic
metals; only those sediments off Norfolk and near Portsmouth are highly
contaminated. Comparison of contour maps of Cy versus T1 reveals areas
of similarity, as would be expected. 1In general, however, the Toxicity
Index map shows more details of structure and variation within an area than
does the Cy map. Areas of greatest toxicity, such as Baltimore Harbor,
an area extending northward to the Susquehanna Flats, the Northeast River,
the lower Rappahannock, upper York, and the Elizabeth River, are also most
contaminated using the Cy method. 1In addition, the lower Patuxent River
and several smaller tributaries of the lower James have high Toxicity
Indices. Moderately high values of the Ty occupy the central and upper
Bay main stem and lower reaches of most western shore tributaries, except
the James River. 1In general, this pattern follows the distribution of
finer sediments in Chesapeake Bay, which is not unexpected, as heavy metals
are associated with the silt and clay fraction of the substrate.

Though a contour map based on logarithmic intervals allows a general
analysis of metal contamination of the Bay's sediments, the Toxicity Index
at stations within a contour interval can vary greatly, especially within
the interval containing the highest values. Toxicity Indices for stations
in Baltimore Harbor range from 3.2 to 2,691.4 and reflect considerable
differences in the exy -ed toxicity of the sediments.
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SECTION 7

DISCUSSION AND CONCLUSIONS

This appendix provides a management focus on information used in the
development of a classification or ranking scheme of environmental factors
associated with the distribution and abundance of the biota. This approach
provides a mechanism to integrate information that characterizes the
requirements for growth, reproduction, survival, and migration of the
biota. Once a "target level" of an environmental factor (e.g., nutrients
and toxic substances in our analysis) is identified, then managers have a
better basis to decide if the factor should be controlled. Control implies
decisions regarding human use which inherently involves human value
judgements. In this context, scientific information is used to define
relational aspects among variables and management exercises the perogrative

of defining levels of use or application of terms such as good, bad, or
fair.

As a cautionary note, it is important to understand that the
relationships discussed in this chapter are largely correlative in nature.
There exists the possibility and, indeed, the probability, that under
different environmental conditions the relationships will change. It is
the nature of this change that future studies are likely to provide an
increased understanding.

In summary, Table 6 is provided for easy reference and a synthesis of
information described in the text. .These "target levels"” are offered with
the assurance that future work will improve their scientific basis. They
are preliminary and over-drawing their meaning and ignoring the substantial

uncertainty associated with them as guidance will only serve to deceive the
user .

It should be noted that little information is available to make
first-order estimates of the relationship between living resources, and
water and sediment quality factors. Under some circumstances, meeting
up-estuary target levels will benefit the down-estuary problem; however,
lower estury regions are also under the influence of more seaward regions
because of the two-layer circulation pattern in much of the Bay system.
Recognizing these constraints, the CBP has nonetheless made an attempt to
develop target criteria for nutrients and toxic substances. Table 7
provides the best estimate of the relationship between these criteria and
envirommental quality objectives. Broad ranges between classes, as well as
the small number of classes, illustrates the lack of precision in setting
class limits. It is anticipated that both accuracy and precision can be
improved dramatically in the near future.
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TABLE 6. SOME RELATIONSHIPS BETWEEN LIVING RESOURCES, SYSTEM FEATURES,
NUTRIENTS, AND TOXIC MATERIALS

Environmental Variable

Resource Variable Toxicity Index Dissolved Oxygen Nutrients
Diverse open water 5 mg L1 0.6 mg Lt - TN
fishery (tidal freshwater (3.6 ml1 L-1) 0.1 mg L-1 - P

and oligohaline waters)

savl (oligohaline to 0.6 mg L~ - N
mesohaline waters) 0.1 mg L1 -7

Oysters2 (meschaline 2.5 mg 1L-1 0.35 mg L~ -1y
waters of main-Bay) (1.8 ml L“l) 0.04 mg Ll - 1p
Minimially diverse 4 mg L-1 TBD

finfishery (tidal (2.9 ml L-1y

freshwater and
oligahaline waters)

Surface sediments Low (1.0)
(selected biota) Medium (1.0 to 10.0)
High (10.0)

York River-like 0.7 mg L=l - i
0.06 mg L™1 - TP

Note: approximately 6.3 mg L-1 Do (4.5 mg L‘l) above the pycnocline is
required to maintain 0.7 mg L1 po (0.5 ml L"l) at the bottom of the
deep channel of the main Bay.

Iyill require slight but yet undetermined reduction in levels of TN and TP in
tidal-freshwaters over 0.6 mg L=l TN and 0.1 mg Ll 7p.

2Approximation based on the assumption that mid-1960's data represent a
nominal excursion of oxygen-limiting waters onto the mid-Bay shelf. This
estimate needs further calibration.
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TABLE 7.

CLASSIFICATION SCHEME

A FRAMEWORK FOR THE CHESAPEAKE BAY ENVIRONMENTAL QUALITY

Class

Quality Objectives Quality Ty TN TP
A Healthy supports maximum diversity Very low 1 0.6 0.08
of benthic resources, SAV, enrichment
and fisheries
B Fair moderate resource diversity moderate 1-10 0.6-1.0 0.08-0.14
reduction of SAV, enrichment
chlorophyll occasionally
high
C* Fair a significant reduction in  high 11-20 1.1-1.8 0.15-0.20
to resource diversity, loss of enrichment
Poor SAV, chlorophyll often high,
occasional red tide or blue-
green algal blooms
D Poor limited pollution-tolerant significant 20 1.8 0.20
resources, massive red enrichment
tides or blue-green algal
blooms
Note: Tg indicates Toxicity Index;
TN indicates Total Nitrogen in mg L‘l;
TP  indicates Total Phosphorus in mg L-L,

* . .
Class C represents a transitional state on a continuum between classes B

and D.
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SECTION 1

POPULATION DATA FOR THE CHESAPEAKE BAY BASIN

METHODOLOGY

Population statistics were compiled for the years 1950 to 2000 for
the Chesapeake Bay basin and its major sub-basins. Historical
estimates (1950 through 1980) were derived from the U.S Population
Census. The following sources of data on population projections (1990
and 2000) include state estimates based upon the 1980 Census, unless
noted otherwise:

Delaware Office of Management, Budget, and Planning

District of Columbia Bureau of Economic Analysis, U.S. Dept. of
Commerce

Maryland Department of State Planning

New York New York Department of Environmental
Conservation

Pennsylvania Department of Environmental Resources

Virginia Department of Planning and Budget

West Virginia Department of Economic and Community
Development

The state projections used have been approved by the EPA for use
in water quality management planning. Data for counties situated in
more than one sub-basin were converted to sub—basin level data in
proportion to the estimated county land area in each sub—-basin; data
for Pennsylvania were aggregated to the sub-basin level by a more
accurate analysis by the state.

The data have been aggregated in the following tables:

Table 1-- Chesapeake Bay Basin Population, 1950 to 2000;

Table 2-- Chesapeake Bay Basin Population by State;

Table 3-—- Chesapeake Bay Basin Population Above and Below the Fall Line;
Table 4-- Chesapeake Bay Basin Population by Major River Basin; and
Table 5—- Chesapeake Bay Basin Population by Minor Sub-basin.

Data in Table 5 have been plotted in Figure 1 through Figure 16 to
illustrate trends.

TABLE 1. CHESAPEAKE BAY BASIN POPULATION, 1950 TO 2000 (IN THOUSANDS)

1950 1960 1970 1980 1990 2000

8,447.5 10,018.7 11,772.3 12,652.6 13,743.6 14,567.4
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TABLE 2. POPULATION IN THE CHESAPEAKE BAY BASIN, 1950 TO 2000, BY STATE

1950 1960 1970 1980 1990 2000
(in 000's)
New York 551.3 616.8 656.1 658.8 718.1 755.0
Pennsylvania 2613.7 2720.0 2877 .4 3102.0 3312.0 3393.8
Maryland 2319.8 3074.9 3893.6% 4187.9 4476.0 4727.4
Delaware 48.8 71.2 84.7 98.1 107.6 121.7
District of .
Columbia 802.2 764.0 756.5 634.0 632.0 626.0 ;
West Virginia 118.9 120.7 125.5 158.0 193.1 228.8 !
Virginia 1992.8 2651.1 3378.2 3813.8 4304.8 4714.7 1
!
Total 8447.5 10018.7 11772.3 12652.6 13743.¢6 14567.4 3
:
TABLE 3. POPULATION IN THE CHESAPEAKE BAY BASIN, 1950 TO 2000, BY AREAS ABOVE !
AND BELOW THE FALL LINE H
P
b
1950 1960 1970 1980 1990 2000 q
(in 000's) d
Above the {
Fall Line 4288.2 4715.2 5184.9 5732.3 6293.9 6649.8 !
Below the .
Fall Line 4159.3 5303.5 6587 .4 6920.3 7449.7 7917.6 ]
Total 8447.5 10018.7 11772.3 12652.6 13743.6 14567.4 :
1
4
i
TABLE 4. POPULATION IN THE CHESAPEAKE BAY BASIN, 1950 TO 2000, BY MAJOR !
RIVER BASIN '
]
{
1950 1960 1970 1980 1990 2000 )
(in 000's) J
Susquehanna 3096.7 3268.3 3468.8 3693.5 3961.2 4080.6 ‘
Eastern Shore 282.7 332.4 356.5 415.5 451.7 485.9
W. Chesapeake 1365.6 1662.2 1860.0 1874.9 1925.2 1993.9 |
Patuxent 195.6 346.5 586.5 678.1 776.2 851.1 4
Potomac 2106.8 2676.5 3397.6 3659.6 4065.8 4390.8 f
York~ :
Rappahannock  217.3 248.2 330.0 406.1 467.5
James 1206.3 1515.5 1854.7 2001.0 2157.4 2287.6 ‘
Total 8447.5 10018.7 11772.3 12652.6 13743.6 14567.4
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TABLE 5.

POPULATION IN CHESAPEAKE BAY BASIN, 1950 TO 2000 (IN THOUSANDS), BY
MINOR BASINS

Minor Basin 1850 1960 1970 1980 1590 2000
Susquehanna

above Sunbury 1387.9 1391.Y 1437.0  14506.3 1562.5 1619.8

West Branch 357.6 378.0 396.8 430.7 459.9 473.3

below Harrisburg 650.7 821.0 938.7 1068.1 1153.6 1181.4

Sunbury-Harrisburg 386.4 393.0 412.8 440.2 470.5 484.5

to Juniata 274.1 283.86 263.5 298.2 314.7 321.6
Eastern Shore 282.7 332.4 356.5 415.5 451.7 485.9
West Chesapeake 1365.6 1662.2 1860.0 1874.9 1925.2 19v3.9
Patuxent 195.6 346.5 586.5 678.1 776.2 861.1
Potomac

above the fall line 757.6 971.7 1188.4 1404.6 1601 .4 1758.0

below the fall line 1349.2 1704.8 2209.2 2255.0 2464 .4 2632.8
Rappahannock

above the fall linpe 51.4 56.0 04.2 8u.1 107.2 123.8

below the fall line 44,6 47.5 50.8 63.8 75.8 85.6
York

above the fall line 43.8 47.1 54.7 78.6 101.2 119.7

below the fall line 36.1 47.9 58.2 75.5 90.6 102.8
Piankatank and

Mobjack Bay 17.9 18.8. 20.3 26.0 31.3 35.6
James

above the fall line 338.7 372.1 408.8 469.5 522.9 567.7

below the fall line 867.6 1143.4 1445.9 1531.5 1634.5 1719.9
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SECTION 2

LAND-USE METHODOLOGY AND DATA

It is difficult, if not impossible, to derive precise land-use
statistics for the Chesapeake Bay basin. There is as yet no accepted
national system, and states and lower political sub~divisions tend to
collect land-~use information only sporadically, using many different
methods. As with population, land use is rarely compiled by watershed.
(The exception is the Maryland Automated Geographic Information System
(MAGI) used by the State of Maryland).

Gaining a picture of past land~use trends is difficult because of the
lack of information prior to the early 1970's. Reliable information even
for the recent past is not consistently available throughout the
watershed. The first land-use mapp of the Bay was done experimentally by
the USGS as part of the CARETS project. This information was used by the
Corps of Engineers in their existing conditions study but, unfortunately,
it does not exist for the whole basin. The figures are by county, and
there is some question about the accuracy of this data.

More recently, the USGS has mapped land use for all of the states in
the basin, but has only generated statistics for Pennsylvania, Delaware,
District of Columbia, West Virginia, and a small portion of Maryland. This
analysis is known as The Land Use and Land Cover System and is related to
an earlier system called LUDA,

Maryland has had a computerized land-use information system, MAGI since
1973. New York has had a similar system, LUNA, Virginia has had no state
land-use inventory. Pennsylvania has helped finance data analysis of the
USGS Land Use and Land Cover System for state needs.

Although there is no consistent accounting of land-use trends in the
Chesapeake Bay Basin, several sources of information do indicate major
shifts in land use throughout the region. Statistics on agricultural
land-use have been collected using surveys and other methods by the Census
Bureau since the mid 1800's. In addition, the U.S. Forest Service has been
conducting periodic state forest resource surveys since the 1940's. Because
there are some biases in the data from these sources, it is misleading to
compare them directly with data obtained from maps. These surveys are,
however, reasonable estimates and are internally consistent because data
have been collected using similar methods over time,

These two sources were used to develop a set of consistent, basin-wide
land-use statistics (on cropland, pasture land, forest land, and other
land) which indicate major shifts in land use. Data are reported by county
in the two sources described above. With the adjustment factors used in
the population analysis, data for each county that drains to more than one
sub-basin were disaggregated in proportion to the county land area in each

sub-basin.

Census of Agriculture data are collected every four or five years. For
this analysis, the 1949, 1959, 1964, 1969, 1978 records were used to
represent 1950, 1960, 1965, 1970, and 1980, respectively. The land-use
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data in the 1969 Census of Agriculture were collected using sampling
techniques that differed from other Census years, so this data set was not
used to look at trends. To construct trends, estimates were extrapolated
from adjacent record years to represent agricultural land use in 1955,
1970, and 1975. Total cropland was calculated as the sum of two of three
census cropland categories, "cropland harvested" and "cropland not
harvested and not pastured,” excluding "cropland used only for pasture.”
This third land use was added to "woodland pastured” and "other pasture” to
represent total pasture land. Farmland reported in the Census and not
included in this analysis was contained in the categories "woodland not
pastured” and "other land.” The "total cropland” and "total pastureland"”
shown in the Census, therefore, would not agree with the CBP estimates.

The U.S. Forest Service has been conducting periodic state forest
resource surveys since the 1940's. Surveys conducted for the states in the
Chesapeake Bay basin are shown below in Table 6. Unfortunately, surveys
were not conducted on a regular basis as in the Census of Agriculture, so
surveys closest to 1955, 1965, and 1975 were chosen to represent these
years. For the trend analysis, it was assumed that 1950 forest cover was
equal to 1955 and 1980 forest cover was equal to 1975 data. For 1960 and
1970, estimates were made by extrapolating from 1955, 1965, and 1975 data.
Where no reliable Timber Survey or Census of Agriculture data existed,
missing figures were estimated by extrapolation.

TABLE 6. U.S. FOREST SERVICE TIMBER SURVEYS CONDUCTED FOR BAY-AREA
STATES BETWEEN 1950 AND 1980, AND USED TO CONSTRUCT LAND-USE

TRENDS
CBP Analysis Year 1950 and 1955 1565 1975 and 1980
Maryland Timber Survey 1950 1964 1976
Pennslyvania Timber Survey 1955 1965 1978
Virginia Timber Survey 1957 1965 1976
Delaware Timber Survey . 1972 1972
West Virginia Timber Survey 1975

— —

Timber survey categories varied by state and year. They included total
commercial; private, public, and non-commercial; and total forest land.
Total forest land was used to indicate the percent forested land in the
trend analysis. For counties covering more than one basin, adjustment
factors (percent county land area in each sub—-basin) disaggregated data to
the sub-basin level.

Historical forest and agricultural data were then summarized for each
county and sub-basin. The land in each county not accounted for by the
Census of Agriculture or Timber Surveys was placed in the category called
"other land“”. This catch-all category may include residential, commercial,
other urban land uses, institutional land, wetlands, highways, idle, or
other types of land uses. For example, two sub-basins have high (above 10
percent) percentages of “"other"” land in 1950 -— the Eastern Shore (21.0
percent), which has extensive wetlands, and the West Chesapeake basin,
(14.7 percent) which encompasses the urbanized Baltimore and Annapolis
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region. The sub-basins which show the greatest increases in urban land
from 1950 to 1980 are also those which experienced the greatest population
growth (Potomac, Patuxent, and West Chesapeake).

Most of the increases in "other” lands between 1950 and 1980 are
assumed to be due to growth in primarily residential, commercial, and other
urban lands and, secondarily, to the establishment or expansion of military
bases, other Federal lands, universities, and other institutions occupying
large tracts of land. The tremendous growth of "other” land in the
Patuxent basin (3.4 to 35.4), for example, may be accounted for by
residential and commercial growth in the Laurel, Columbia, Bowie, Crofton,
and Lexington Park areas, although expansion of institutional and public
lands has also played an important role. Further analysis is needed to
determine how much land acreage was established, and when, for the
following (and compare this information with data of ground-breaking and
expansion of towns noted above): Patuxent Naval Air Station, Patuxent
Wildlife Research Center, Bowie State College, Fort Meade, Agricultural
Research Center, Baltimore-Washington Parkway, Rocky Gorge, Tridelphia Dam,
etc. The Eastern Shore "other" land increased by only one-third (20.7 to
30.1); however, the total rose 10 percentage points. Further analysis
would help determine the primary land-use conversions in this area. In
summary, the "other" land-use category is assumed to indicate the relative
rates of urbanization throughout the Bay basin.

Historical land use estimates for cropland, pasture, forest, and other
land uses are presented in Table 7 through Table 10, as follows:

Table 7 —~ UEstimated Land Use in the Chesapeake Bay Basin, 1950, 1955,
1960, 1965, 1970, 1975, 1980;

Table 8 —- Estimated Land Use in Major Sub-basins of the Chesapeake Bay,
1950 to 1980;

Table 9 -—- Estimated Land Use in Minor Sub-basins of Chesapeake Bay Basin,

1950 to 1980;

Table 10 -- Estimated Land Use in Chesapeake Bay Basin, by State, 195C to
19803 and

Table 11 -- Chesapeake Bay Basin Land Area, by State.

In addition, trends in each of the minor sub-basins are plotted in Figure
17 through Figure 32.
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SUSQUEHANNA (MOUTH TO HARRISBURG)A

LANDUSE YR PERCENT
FOREST 1950 27.8
1955 27.8
1960 28.8
1965 29.8
1970 29.1
1975 28.4
1980 28.4
PASTURE 1950 12.9
19SS 12.5
1960 12.2
1965 11.5
1970 10.4
1975 8.3
1980 8.3
CROPLAND 1950 46.5
1955 44.7
1960 42.8
1965 41.8
1970 40.7.
1973 39.6
1980 38.S
OTHER 1950 12.6
195S 14.8
1960 1S.9:
196S 16.7
1970 19.6
1975 22.5
1980 24.7:

PERCENT

LS

Figure 17. Land-use trends from 1950 to 1980 in the Susquehanna basiﬁrA
(mouth to Harrisburg)
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SUSQUEHANNA (HARRISBURG TO SUNBURY)

'LANDUSE YR PERCENT

FOREST 1950
1955
1960
1965
1970

/Y /Y
wrs (L LLL LY S0
LI PP IS IIIIIY s0.

PASTURE 1950
1955
1960
1965
1970
1975
1980
CROPLAND 1950
19SS
1960
1965
1970
1975
1880
OTHER 1950
19SS
1960
196S
1970
1975
1980

48.
48.
50.

4
4

0 10 20 30 40 SO 60
PERCENT

Figure 18. Land-use trends from 1950 to 1980 in the Susquehanna basin
(Harrisburg to Sunbury)
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LANDUSE YR PERCENT
FOREST 1950 62.5
19SS 62.5
1960 65.2
1965 67.9
1970 67 -8
1975 67.8
1980 67.8
PASTURE 1950 11.3
1955 10.5
1960 9.7
1965 9.0
1970 8.3
1975 7.5
1980 6.8
CROPLAND 1850 21.3
1955 20.0
1960 18.6
1965 17 .1
1970 16.4
1975 15.8
1980 15.1
OTHER 1950 4.7
1955 6.9
1960 6.4
1965 5.8
1970 7.2
1973 8.7
1980 10.1

SUSQUEHANNA (JUNIATA)

10 20 30 40 SO 60 70
PERCENT

Figure 19. Land-use trends from 1950 to 1980 in the Susquehanna basin
(Juniata sub~basin)
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SUSQUEHANNA (WEST BRANCH)

LANDUSE YR PERCENT
FOREST 1950 /77777777 74.2
YNNI I IIIIIS 74.2
150 [ LLLLLILLL] 78.6
YNNI I I I IIIIIS 82.9
YNNI I IIIIIES 8.2
s VIILLZIL LY 79.5
1080 P LILLLLLLY 78.5
PASTURE 1950 S5 7
1955 6.2
1960 5.3
1965 4.6
1970 : 4.2
1975 3.8
1980 5 3.3
CROPLAND 1950 LN 12.7
1955 NN ' 1.7
1960 L\ 10.6
1965 LN\ 9.8
1970 LN 9.4
1975 (N 9.0
1980 Y 8.6
OTHER 1950 . 5.8
1955 N 7.7
1960 * 5.3
1965 ' 2.5
1970 'Y 5.0
1975 e 7.5
1980 Pe! 8.3
0

20 40 60 80 100
PERCENT

-
A e me S A A A M o ke sl s dma

. e 4 Ae Aa aa el aa e aa &4 aliera saoma .aa. s

an dmm tum e = m m. m A A . m am  am o=

Figure 20. Land-use trends from 1950 to 1980 in the Susquehanna basin
(West branch)
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SUSQUEHANNA (ABOVE SUNBURY)

LANDUSE YR PERCENT

FOREST 1950 53.1
1955 53.1
1960 551
1965 57.1
1970 58.2
1975 59.2
1980 §9.2
PASTURE 1950 20.8
1955 18.9
1960 17.0
1965 14.6
1970 13.0
197S 1.3
1980 8.7
CROPLAND 1950 23.3
19SS 21.8
1860 20.3
1965 18.8
1970 18.1
1975 17.4
1980 16.7
OTHER 1950 2.6
1955 6.0
1960 7-4
1965 9.2
1970 10.6
1975 11.9
1980 14.3

0 10 20 30 40 S0 60
PERCENT

Figure 21. Land-use trends from 1950 to 1980 in the Susquehanna basin
(above Sunbury)
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EASTERN SHORE
LANDUSE YR PERCENT

7
wss [ JIIIIIITIZIZ] ¥
oo [P7IIZIZI77Z7Z) %
wes PZIPZZIZZZZIZZ7] %
wo [PIIIZIZITZIIIZ] V7
s PZILLZLZLZZZZ] S
S
2
]
0
4
S

o VIPIIITII777] >
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Figure 22. Land-use trends from 1950 to 1980 in the Eastern Shore
basin

PASTURE 1950 8.
1955 7.
1960 6-
1965 4.
1970 3.
1975 2.7
1980 2 1.9
CROPLAND 1950 NN LR NSNS 33.2
1955 (NNNAANANNNN 33.5
180 (NSNS NNNNN 33.8 '
165 INNNNNNNNNNNN 34.7 ‘
1970 (NSO NNNNN 33.6 '
FEEENNNNNNNNNNN 32.5 ,
1980 [(NNONSSSNNNN 314 !
OTHER 1050 HOOOOOK] 20.6 i
19ss PRI K] 21.4 |
1960 PRI IR XK 21.6 f
1965 PRI IR X 2.7 :
1970 R RXRRARRAA 24.9 ‘
CERP. 0. 0,0.0.0,.0.6 0.4 28.1 .
180 RARKBABDBAOHA 30-1 y
o 1o 20 30 40 !
PERCENT :
{
!
!
{
!
{
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WEST CHESAPEAKE

LANDUSE YR PERCENT

FOREST 1950 42.2
1955 42.2

1960 41.8

1965 41.3

1970 37.2

1975 33.0

1980 33.0

PASTURE 1950 15.3
1955 13.9

1960 12.6

1965 1.2

1970 9.2

1975 B 7.3

1980 B2 5.3

CROPLAND 1950 NN NN\ 27.8
1955 NN\ N\\N 24.9

1960 NN\ 22.0

1965 NN N\ 21.4

1970 NN\ 18.8

1975 LNNNN 16.2

1980 LN\ \] 13.6

OTHER 1950 OO0 14.6
1055 LA 18.8

1060 OO 23.5

1965 RANANA NN 25.8

1970 [ AKX HX 34.6

1975 DOOOOOOOOOC 43.3

9

1920 OO OOBABANN 47.
0 10 20 30 40 S0
PERCENT

Figure 23. Land-use trends from 1950 to 1980 in the West Chesapeake
basin
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PATUXENT

LANDUSE YR ' PERCENT
FOREST 1950 Voo o000 soTS 55.1
155 S LAY 551
160V SLLLLILLL/. 53.3
1965 (S LLLILILLY 51.4
o VLLLLLLS LY 4.4
s VLLLLLLL /. 435
180 VLSS 43.5
PASTURE 1950 5 16.6
1955 13.7
1960 10.8
1965 9.9
1970 8.5
1975 7.2
1980 e S.9
CROPLAND 1950 NN\ 24.6
1955 NN\ 22.4
1960 NN\ 20.2
1965 NN\ 18.6
1970 NN\ Y 17.4
1975 LN\ 16.2
1980 LN\ N 15.0
OTHER 1950 . 3.4
1955 e 8.6
1960 AN 15.6
1965 AARNR 20.0
1970 0. 0.0 0.0 ¢ 26.4
1975 L 32.9
1980 IAAAAAAN] 35.4

0 10 20 30 40 SO 60
PERCENT '

— e m

Figure 24. Land-use trends from 1950 to 1980 in the Patuxent basin

B-22 -

N
LA e A s ke aa A



g e W YT YF VY ¥y Y Yy vV www v oewooew o - oww owar v ow =

- -

LANDUSE

FOREST

PASTURE

CROPLAND

OTHER

POTOMAC (ABOVE FALL LINE)

YR

1950
1955
1960
1965
1870
1975
1980

1950
1955
1960
1965
1970
1975
1980
1950
1955
1960
1965
1970
19735
1980
1950
1955
1960
1965
1970
1975
1980

20 30
PERCENT

40

S0

60

PERCENT

48.
48.
49.
50.
S3.
S6.
S6.
25.
24.
23.
22.
20.
19.
18.
22.
20.
18.
17.
17.
16.
16.

A 0 & O N O O D -

- O N N W 0o O O M o W W O W NN

—

Figure 25. Land-use trends from 1950 to 1980 in the Potomac basin

(above the fall line)
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POTOMAC (BELOW FALL LINE)

LANDUSE YR PERCENT
FOREST 1950 S7.4
1955 S57.4
1960 S6.4
196S $5.4
1970 53.5
1975 51.7
1980 S1.7
PASTURE 1950 15.3
1955 13.7
1960 12.1
1965 10.1
1970 9.3
1975 8.4
1980 7.6
CROPLAND 1950 19.5
1955 17.8
1960 16.1
1965 1S.1
1970 14.9
1975 14.7
1980 14.5
OTHER 1950 7.7
195S 11.0
1960 15.3
1965 19.3
1970 22.1
1975 25.0
1980 26.0
PERCENT
Figure 26. Land-use trends from 1950 to 1980 in the Potomac basin

(below the fall line).
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RAPPAHANNOCK
LANDUSE YR PERCENT SUM

FOREST 1950 58.3
1955 58.3

1960 58.6

1963 58.9

1970 50.8

1973 60.6

1980 60.6

PASTURE 1950 16.5
1955 16.7

1960 16.9

1963 16.5

1e7e 15,5

1975 14.4

1980 12.4

CROPLAND 1950 18.3
1955 m 17.6

1960 m 16.8

1965 16.3

1970 16.7

1975 17.2

1980 17.6

OTHER 1850 6.9
1955 7.4

1960 7.5

1965 8.3

1970 8.0

1975 7.8

1980 8.4

0 10- 20 30 40 50 60 70
PERCENT SUM
Figure 27. Land~use trends from 1950 to 1980 in the Rappahannock

basin
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YORK (ABOVE FALL LINE) |
LANDUSE YR PERCENT
FOREST 1950 70.3
1955 70.3
1960 70.0
1965 69.8
1970 69.7
1975 69.6
1980 69.6 1
PASTURE 1950 14.0 b
1955 12.9 i
1960 11.8 ,
1965 12.5 4
1970 11.3 b
1975 10.2 1
1980 9.1 :
CROPLAND 1850 15.2
1955 13.3
1960 1.5
1965 10.7 ;
1970 10.8 1
1975 10.9 i
1980 10.9
OTHER 1950 0.4
1955 3.3
1960 6.4 j
1965 6.8 y
1970 8.0 }
1975 9.1 q
1980 10.1 4
{
0 10 20 30 40 SO 60 70 80 {
PERCENT {
i
i
1
i
Figure 28. Land-use trends from 1950 to 1980 in the York basin (above ]
{

the fall line)
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YORK (BELOW FALL LINE)
LANDUSE TR PERCENT
FOREST 1950 Voo OO TSS 68.0
YNNI I IIIIIIIIS 68.0
XNNOIIIIIIIIIIS 70.8
165 PILLLLLLLZZE] 737
YNNI SIS IIIIIIIIS 72.6
YNNI IIIIIIIIS 7.
NI IIIIIIIIIS 71.5
PASTURE 1950 e 7.2
1955 55 6.4
1960 b 5.6
1965 2 4.8
1970 : 4.2
1975 3.7
1980 # 3.2
CROPLAND 1950 ALY 13.2
1955 LN\ 12.4
1960 LN\ 11.6
1965 LN\ 11.2
1970 [N\ N 11.5
1975 LN\ N 11.9
1980 I\ N 12.3
OTHER 1950 o’ 11.4
1955 AN 13.1
1960 "o 1.8
1965 o e 10.2
1970 NN 1.4
1975 AN 12.6
1980 AN 12.8
0 10 20 30 40 SO 60 70 80
PERCENT
Figure 29. Land-use trends from 1950 to 1980 in the York basin (below

the fall line)
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PIANKATANK AND MOBJACK BAY

LANDUSE YR PERCENT
FOREST 1950 V) /277272777 59.1
1055 VSLLLLLLLY 58:1
160\ SSLLLLLLLY 62.7
165 VSLLLLLLL LY 66.3
1990 VSLLLLLLLLLD 58
175 VSIS
180 PSS T
PASTURE 1950 2 4.5
1955 3.7
1960 2.8
1965 3.1
1970 2.7
1975 2.4
1980 2.1
CROPLAND 1950 LN\ ] 15.5
1955 LN\ 14.5
1960 LN\ 13.6
1965 L\ N 12.8
1970 LN\ \ 13.3
1975 [N\ 13.7
1980 LN Y 14.2
OTHER 1050 DK 20.7
1955 OO 22.5
1960 0 00 20.7
1965 PSONAN 17.6
1970 NSO 16.9
1975 SOC 16.2
1980 SO 16.1

0 10 20 30 40 S0 60 7O
PERCENT

- M _ A M4 aa. M s Aa Ba dm AR Ak A4 A A S s oa e sl - e A . o ok n - -

~ - R Y N U W

- e caa s an
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Figure 30. Land~use trends from 1950 to 1980 in the Piakatank River
and Mobjack Bay
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JAMES (ABOVE FALL LINE)

LANDUSE YR PERCENT
FOREST 1950 72.6
1955 72.6
1960 72.4
1965 72.3
1970 73.2
1075 74.2
1980 74.2
PASTURE 1950 20.1
1955 18.9
1960 17.7
1965 17.8
1970 16.7
1975 15.6
1980 14.4
CROPLAND 1950 12.4
1955 10.7
1960 9.1
1965 8.1
1970 7.7
1975 7.4
1980 7.1
OTHER 19850 -5.1
1955 -2.3
1960 0.6
1965 1.7
1970 2.1
1975 2.6
1980 4.1

=20 4] 20 40 60 80
PERCENT

Figure 31. Land-use trends from 1950 to 1980 in the James basin
(above the fall line)
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LANDUSE

FOREST

PASTURE

CROPLAND

OTHER

JAMES (BELOW FALL LINE)

YR

1950
1955
1960
1965
1970
1975
1980
1950
1955
1960
1965
1970
197S
1980
1950
19SS
1960
196S
1970
1975
1980
1950
19SS
1960
1965
1970
1975
1980

7777777777
7777777777,
7777777777,
17777777777
7777777777,
777777777

g777777777.

LN\

AN

LN\

LN\

NN

NN

A

O

O

DOC

DO

XXX

OO

DOOC

0 10 20 30 40 SO 60 70
PERCENT

PERCENT

64.
64.
64.

0w N O O

o N ©O© N 0o -

O N OO U NN B NN N N N0 RN s -

Figure 32. lLand-use trends from 1950 to 1980 in the James basin

(below the fall line)
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TABLE 7. ESTIMATED LAND-USE IN THE CHESAPEAKE BAY BASIN, 1950 TO 19&0
(EXCLUDING NEW YORK DRAINAGE AREA)

Total Acres Land

in Area Use* 1950 1955 1960 1965 1970 1975 1980

C.B. Basin C 21.1 19.5 17.9 16.7 16.2 15.8 15.4
Above the P 17.5 16.7 15.7 14.9 13.8 12.8 11.8
Fall line 27,600,000 F 59.0 59.0 60.5 62.1 62.5 62.8 62.8
0 2.4 4.8 5.9 6.3 7.5 8.6 10.0

C.B. Basin C 23.6 22.7 21.7 21.4 20.9 20.4 19.8
Below the P 10.6 9.4 8.1 6.8 5.8 4.9 4.0
Fall line 8,960,000 F 52.5 52.5 52.4 52.3 50.5 48.8 48.8
0 13.3 15.4 17.8 19.5 22.8 25.9 27.4

Entire C 21.7 20.3 18.8 17.9 17.4 17.0 16.5
C.B. Basin P 15.8 14.8 13.8 12.9 11.8 10.7 9.7
36,560,000 F 57.4 57.4 58.5 59.6 59.5 59.4 59.4

0 5.1 7.5 8.9 9.6 11.3 12.9 14.4

*C = Cropland, P = Pasture, F = Forest, 0 = Other Lands
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ESTIMATED LAND USE IN MAJOR SUB-BASINS OF THE ChESAPEAKE BAY BASIN,

1950 TO 1980.

TABLE 8.

Land
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Acreage
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18.9 23.5 25.9 34.6

14.7

Eastern Shore

33.8 34.8 33.7 32.5 31.4
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Other Lands
New York's Susquehanna drainage area not included.
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(continued)

TABLE 9.

Estimated Land

1975

1565 1970

Use® 1650 1955 1960

Acreage

Basin
1980

17 .4
22.1

7
23.0

18.

20.7

22.8

Potomac

25.5 24.3

P

6,714,300

Above fall

48.7

48.7

line

6.3

3.0

17.8 16.1 15.1

19.5

Below fall

1,799,400

line

11.0 15.3 19.3

7.7

LA o SER . amme 0 e e s mma e

17.8 16.6 15.5 15.4 15.3 15.3

18.9

Rappahannock

25.1

P

1,039,530

Above fall

53.6 53.6

F

line

1 3.3

1.5

2.4

19.9

.0

19
3.9

17.6 17.4 17.2 17 18.0
4

C

583,620

Below fall

3.2

.6

.2

5
64.4

5.0
63.7
14

.5

6
63.0
13.1

7.9

line

65.2 66.0 66.0
12.2  11.1 10.9

4

13

.1

63.0
12.5

10.9 10.9 11.0

10.8

G

13.4 11.

.2

15

York

w T

10.2 9.1
S 9.
9 0

11.4
9
8

852,000

Above fall
line

b et mendh naeiie smmae At f

o N
N ™

12.0
3.8

11.6
4.3

11.2
4.8

3.2 12.4 11.6
7.3 6.5 5.6
68.0 68.0 70.9

C
P

796,600

Below fall
line

72.7

73.8

13.1 11.9 10.2 11.4

11.5

14.6 13.6 12.9 13.3 13.8 14.3

15.5

Piankatank

b Jinie aniel el ek _onmeth Amie  defie .t

N
.
N P~

Wy
.
N~

3.1 2.8
66.4 66.9

2.9
62.7

3.7
59.2

4.6
59.2

P
F

280,406

16 16.1

17.0

20.7 17.7

22.6

20.8

James

P

5,085,000

Above fall

73.3

72.3

']

72.6  72.

72.6

line

=2.3 0.7 1.7 2.2

-5.2

14.5

c

1,155,000

Below fall

2
4
63.2

line

15.5 16.3 17.5 19.9 22.3

14.6

Cropland, P = Pasture, F = Forest, O = Other Land

*c
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TABLE 10. ESTIMATED LAND USE IN THE CHESAPEAKE BAY BASIN, BY STATE, 1950-1980

Land Use* 1950 1955 1960 1965 1970 1975 1980

Maryland C 29.7 28.3 26.9 26.5 25.6 24.8 24.0

P 15.1 13.7 12.2 10.6 9.2 7.8 6.4

F 45,2 45,2 45.5 45.7 43.0 40.3 40.3

0 10.0 12.8 15.4 17.2 22.2 27.1 29.3

Pennsylvania C 24.7 23.3 21.9 20.6 20.0 15.3 18.7

P 12.0 11.1 10.2 9.2 8.3 7.5 6.6

F 57.0 57.0 59.6 62.2 61.8 61.3 61.3

0 8.3 8.6 8.3 8.0 9.9 11.9 13.4

Virginia C 15.7 14.3 13.0 12.1 12.1 12.0 12.0

P 18.6 17.6 16.5 16.1 15.3 14.4 13.6

F 62.8 62.8 63.2 63.5 63.8 64.1 64.1

0 3.9 5.3 7.3 8.3 8.8 9.5 10.3
District of C 0.9 .5 0] 0 0 0 0
Columbia P 0.5 .3 0 0 0 0 0
F 0 0 0 0 0 0 0

0 98.6 99.2 100 100 100 100 100

Delaware C 36.6 37.1 37.6 38.6 38.9 39.2 39.4
P 6.4 5.3 4.1 3.5 - - -

F - - - 35.8 35.8 35.8 35.8
0 - - - 22.1 - - -

West Virginia C 14,1 . 12.3 10.4 9.4 9.1 8.7 8.4

P 28.2 27.3 26.4 25.2 23.2 21.3 19.3

F - - - - - 73.4 73.4

0 - - - - - -3.4 -1.1

New Yorkl C 20.5

P 5.9

F 60.5

0 13.1

INew York is not included in historical analyseé; 1980 data based upon New
York

State LUNR inventory in Chemung and Susquehanna 303(e) River Basin Plans,
New York Department of Envirommental Conservation.

* = Cropland, P = Pasture, F = Forest, 0 = Other Land



TABLE 11. CHESAPEAKE BAY BASIN LAND AREA, BY STATE

State Total Acres Acres in Basin 7% State in Basin 7% Basin in State
Delaware 1,265,920 442,000 34.9 1.1
District of
Columbia 39,040 39,000 100.0 0.1
Maryland 6,138,880 5,931,000 96.6 14.6
New York 31,728,640 3,991,000 12.6 9.8
Pennsylvania 28,828,800 14,177,000 49.2 34.9
Virginia 25,535,360 13,758,000 53.9 33.9
West Virginia 15,374,000 2,231,000 14.5 5.5
TOTAL 40,569, 000% 99.9

* = 63,390 sq. miles

Methodology for Determining Present (1980) Land Use

The CBP set up a basin-wide computer model to estimate nutrient
loadings from nonpoint sources. Because nonpoint source loadings are
dependent on land cover and land-use, the CBP funded a study to estimate,
by sub-basin the acreage for approximately ten land-cover categories using
LANDSAT imagery (USGS Level I Land Cover Classification). The land cover
analysis was performed on the Eastern Regional Remote Sensing Application
Center (ERRSAC) Hewlett—Packard 3000 computer at Goddard Space Center. The
land-cover data set was developed using the Interactive Digital Image
Manipulation System (IDIMS) and Geographic Entry System (GES) software
packages.

The land-use categories identified were: forest, cropland with winter
cover ("low-till"™), cropland without winter cover ("high-till"), pasture,
low—density (large lot) residential, medium density residential,
high—-density (townhouse/garden apartment) residential,
commercial-industrial, and idle land (Figure 33 illustrates the aerial
coverage of LANDSAT scenes.). LANDSAT scenes used in the analysis were
photographed between 1977 and 1979 (April, May, and June were analyzed to
differentiate between minimum and conventional-tillage cropland) and are
assumed to represent 1980 land-use pattermns. Ground truthing of the
LANDSAT data against other land-use data sets and field surveys suggest
that the data on land cover, including tillage practices, were reliable. A
detailed account of the LANDSAT analysis is described in the Chesapeake Bay
Model Final Report (Hartigan 1983).

The data were aggregated into sub-basin units (or "reaches”) for use in
the basin model. Figure 34 and 35 illustrate the location of individual
sub~basins. Reaches can be grouped to correspond with the 17 minor
sub-basins used for the historical population and land-use trends
analysis. Table 12 tabulates present basim land-use acreage by reach
(above the fall line) and coastal sub-basin (below the fall line). Table
13 sums the figures in Table 12 to the major sub-basin level. Table 14 is
an example of how to aggregate sub-basins to represent the minor sub-basin;
data are presented elsewhere in the Appendices.
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Figure 34. Chesapeake Bay basin model sub-basins above the

fall line
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The CBP management study used the basin model to predict nutrient
loadings to the Chesapeake's tidal waters under present (1980) and future
(2000) conditions. In addition to estimating greater sewage treatment
plant loadings (based on population increases, primarily), future noupoint
source loadings were generated by changing land-use data to account for
increasing development. To make a "worst case” future nonpoint source
load, all development expected to take place by the year 2000 (based on
population projections) was assumed to take place on existing forested
areas. Because nutrient loading rates are least from forest land compared
to cropland or pasture, this assumption maximizes the increase in nutrient
loadings due to urbanization. Future (2000) land use data are presented in
Table 12(b) and Table 13; only the forest and urban categories differ from
the 1980 estimates.

A comparison between the LANDSAT and Timber Survey/Census of
Agriculture estimates of present (1980) land-use is shown in Table 15.

This table indicates that the LANDSAT analysis consistently
overestimates cropland, with the exception of the Rappahannock, and pasture
land compared to the Census data, whereas the Census data overestimate
"other" lands. One explanation is that grassland not used for pasture was
probably included in the pasture LANDSAT category and in the “"other”
category using census of Agriculture data. Likewise, other vegetated lands

not used for pasture or cropland could have been placed in these categories.

When "woodland or farms" (included in the CBP land use data base but
not reported here) is added to cropland plus pasture land, the percent
total agricultural land is much closer to the LANDSAT total for cropland
plus pasture land. It is possible that the resolution in the LANDSAT
analysis was not high enough to separate small parcels of woodland from
cropland or pasture on farms; however, it is equally possible for the error
to be in the Census data since the latter are based on survey data.
Nonetheless, differences as large as 10 percent for similar land uses
indicate that land-use data sets have their own biases; thus, one should be
cautious when comparing one set to another.

Another example of the inherent variability among land-use data is the
estimation of tillage practices on Chesapeake Bay cropland. The Maryland
Department of Agriculture compared data from the CBP/SCS Agricultural
Activities Report (Appendix C) on the extent of conservation-tillage
practices (minimum and no-till) in the Patuxent River basin with data from
a new SCS analysis, Cooperative Extension Service, and Chesape